Changes in ploidy are relatively rare, but play important roles in the development of cancer and the acquisition of long-term adaptations. Genome duplications occur across the tree of life, and can alter the rate of adaptive evolution. Moreover, by allowing the subsequent loss of individual chromosomes and the accumulation of mutations, changes in ploidy can promote genomic instability and/or adaptation. Although many studies have been published in the last years about changes in chromosome number and their evolutionary consequences, tracking and measuring the rate of whole-genome duplications have been extremely challenging. We have systematically studied the appearance of diploid cells among haploid yeast cultures evolving for over 100 generations in different media. We find that spontaneous diploidization is a relatively common event, which is usually selected against, but under certain stressful conditions may become advantageous. Furthermore, we were able to detect and distinguish between two different mechanisms of diploidization, one that requires whole-genome duplication (endoreduplication) and a second that involves mating-type switching despite the use of heterothallic strains. Our results have important implications for our understanding of evolution and adaptation in fungal pathogens and the development of cancer, and for the use of yeast cells in biotechnological applications.
INTRODUCTION
Yeast cells are an excellent system in which to conduct in-lab evolution experiments, since there are several efficient and reliable methods to determine their relative change in fitness and they are readily amenable to genetic and genomic manipulations [1, 2] . Experimental evolution has proven to be a valuable tool for studying the mechanisms and pathways important for adaptation to specific stressful conditions, such as heat stress, nutrient limitation, antibiotic treatment, etc. [3] [4] [5] [6] [7] [8] , as well as for testing predictions from evolutionary theory [9, 10] . Long-term evolutionary experiments are also carried out in order to improve the performance of particular yeast strains in the biotechnology industry [11] [12] [13] [14] [15] .
The budding yeast Saccharomyces cerevisiae can grow as haploid cells of either A or Alpha mating type (determined by two alleles of the locus MAT), which can mate to become diploids (MATa/MATalpha). Wild yeast strains can naturally switch from one mating type to the other, through the action of the HO gene [16, 17] ; this switch allows mating between gametes and restores the diploid state. However, most laboratory strains maintain stable mating phenotypes, due to a common mutation in the HO gene [18] . Therefore, mating and diploidization are deemed extremely rare in lab clonal populations.
In some long-term evolution experiments, it has been sporadically reported that haploid yeast cells can become diploid [3, [19] [20] [21] . Here we explore the changes in ploidy occurring during long-term serial transfer experiments. We present evidence for the frequent appearance of diploid cells in growing cell populations, which in some cases confer a fitness advantage and take over the population. In addition, we dissect the molecular mechanisms that allow these cells to undergo two different diploidization events.
RESULTS

Detection of Cell Diploidization Events
We exposed haploid yeast cells (S. cerevisiae strain BY4741, ho À MATa) to 30 different stress conditions (in biological triplicates) for 100 generations. We monitored the DNA content within the populations by staining logarithmic cells with propidium iodide and analyzing individual cell DNA content by flow cytometry (FC), which measures the stain intensity for individual cells. These intensity measurements are a proxy for the amount of DNA per cell. The results are presented as FC profiles showing the distribution of the amount of DNA per cell ( Figure 1 ). In the control FC profiles (rich medium, haploid and diploid cell cultures), two peaks can be clearly detected, which represent cells in the G1 and G2 cell-cycle stages (1C and 2C DNA content for haploids, 2C and 4C for diploids). Using this assay, the majority of the independent haploid cell cultures exhibited only the 1C and 2C peaks, showing that, as expected, lab yeast ploidy is in general stable. Strikingly, however, in cell cultures that evolved for over 100 generations in either 1 M KCl or 7% ethanol, only the 2C and 4C peaks were observed in all of the biological triplicates, suggesting that the entire population in these cell cultures had become diploid. In addition, in cell cultures exposed to lower doses of stressors (5% ethanol and 0.5 M KCl), three peaks were observed: 1C, 2C, and 4C. The height of the 4C peak is negatively correlated with that of the 1C peak. This suggests that part of the haploid population had become diploid. Upon closer examination, a small 4C peak could also be observed in the unstressed control cultures (Figure 1 , arrows). As this could be caused by either the failure of cells to separate fully before FC or by diploidization, we carried out extensive sonication treatments and microscopic analysis, which suggested that the cells were separating properly. Below, we provide more conclusive evidence for cell diploidization within these cultures by analyzing the DNA content of single colonies isolated from these cell cultures ( Figure 2 ).
Quantitation and Characterization of the New Diploids S. cerevisiae haploid cells can in principle become diploid by two different mechanisms: (1) endoreduplication, a process in which cells duplicate their whole DNA content, usually by undergoing DNA replication without chromosomal segregation [22] ; or (2) mating-type switching followed by mating. S. cerevisiae homothallic strains (able to mate within a pure culture) express the homing endonuclease enzyme HO, which induces a doublestrand break within the MAT locus, thus promoting homologous The A, B, and C rows represent biological triplicates for each stress condition. The 4C peaks observed are marked with arrows. Haploid (BY4741; orange) and diploid (BY4743; blue) controls are also shown, with 1C, 2C, and 4C peaks marked. All cultures were grown in 5 mL YPD liquid media containing the relevant stressing agent at the stated concentration. After reaching stationary phase, cultures were diluted 1,000-fold (5 mL inoculated into 5 mL of fresh liquid media), ten times. recombination (HR) between the mating-type locus and one of the two silent cassettes present in the genome, one of which carries information from the opposite mating type [16] . Once a single cell has switched mating type, it will quickly mate with any of the other haploid cells in the culture. As with most of the commonly used lab yeast strains, strains used in this study bear inactivating mutations in the HO gene and are naturally heterothallic (the sexes reside in different individuals, and two individuals of different sex usually mate); therefore, these strains are believed to be unable to mate within a pure mating-type homozygous population [18] . We have confirmed the mutant HO status by PCR and sequencing of unstressed control cultures in which a 4C band could be observed (not shown). In these strains, mating-type switching is expected to be an extremely rare event.
In order to verify our cell-culture ploidy results (Figure 1) , we tested by FC the DNA content of single cells from each one of the different evolved cultures. From each relevant culture we plated single cells, and 28-32 colonies were randomly chosen for FC analysis (Figure 2A ). The ploidy data of the single colonies correlate with those of the population shown in Figure 1 : in all of the biological triplicates of the 1 M KCl stress, and in $95% of the cells grown in the presence of 7% ethanol, the tested candidates were diploids. In the cultures exposed to 0.5 M KCl or 5% ethanol, a large proportion of the cells were diploids as well. Moreover, $17% of the control cells grown in YPD for 100 generations (and a similar proportion in cells evolved in 3% ethanol) were diploids as well. Also in agreement with Figure 1 , no diploid cells were observed among cells evolved in the presence of low levels of hydroxyurea (HU; 40 mM), an inhibitor of the ribonucleotide reductase enzyme [23] .
Next, we sought to identify the mechanism that leads to cell diploidization in the different cell cultures: if cells diploidize by endoreduplication, they become homozygous MATa/MATa diploids, which mate as a-maters (hereafter referred to as MAT-hom). In contrast, a mating-type switch followed by mating with any other cell in the culture results in heterozygous MATa/ MATalpha diploids (MAT-het). We thus carried out mating assays and MAT-PCR analysis for each of the single colonies subjected to FC analysis ( Figure 2B ; Figures S1-S3). To our surprise, both types of diploids could be found in the various cultures, although MATa/MATa cells were much more common. In fact, MAT-het diploids are quite rare: the highest fraction was observed in the cultures exposed to 5% ethanol, and reached only $10% of the population after $100 generations (Figure S3B) . Notably, whereas some cultures contained only MAT-hom cells, MAT-het cells were only present together with MAT-hom cells. This suggests that either two different mechanisms can lead to diploidization of haploid cells, but one of them is significantly more frequent ( Figure 2C ), or, alternatively, a mating-type switch can take place only after an endoreduplication event ( Figure 2D ). The fact that we could detect these two different types of diploids in some of our cultures in a relatively short period of time (100 generations) is quite striking, because the events involved are assumed to be extremely rare.
High-Resolution Dynamics of Cell-Culture Diploidization in Medium Containing 5% Ethanol To further understand the process of cell diploidization and the interplay between mating-type homozygous and heterozygous diploid formation, we followed the population composition in BY4741 (MATa) and BY4742 (MATalpha) haploid cell cultures exposed to 5% ethanol for 450 generations ($3 months). We used FC analysis to monitor DNA content for 200 generations with ten-generation intervals and for another 250 generations with 50-generation intervals ( Figure 3A ; Figure S4 ). In both strains, we can clearly detect the formation of the 4C peak after 60-80 generations and the complete disappearance of the 1C peak at generations 110-130, suggesting that already at this stage the entire cell population in these cultures is composed exclusively of diploid cells. Mating tests revealed that in this long-term experiment the MAT-het diploid cells took over the cultures completely by generation 300, at the expense of the homozygous MATa/MATa or MATalpha/MATalpha diploids (Figure 3B ). Figure 3C shows that cells became diploid long before the appearance of MATa/MATalpha diploid cells. During early time points, it is possible to detect a low frequency of diploids in the ethanol cultures, composed mainly of mating-type homozygotes. At later time points, however, the fraction of diploids in the cultures increases, and most of these are mating-type heterozygous (MATa/MATalpha) diploids. To validate this observation, for each one of the BY4741 and BY4742 haploid cultures, we chose six specific time points and carried out an FC analysis and MAT-PCR for 24 random colonies at each relevant time point. These new data clearly demonstrate that in both cultures the first population of diploids that emerges is composed of MAT-hom cells, which reach an abundance of almost 80% before they start to decline due to the appearance of the new MATa/MATalpha cells ( Figure 3D ; Figure S5 ). A multiplex PCR reaction that detects both MAT alleles supports these observations ( Figure 3E ). We can see that the dynamics of the appearance of MATa/MATalpha cells is correlated with the FC results presented in Figure 3D (and Figure S5 ). Once diploidized, the DNA content remained stable: releasing cells from ethanol stress after 300 generations back to regular rich medium (YPD) for another 700 generations did not cause changes in ploidy ( Figure S4 ). This contrasts with adapted aneuploid cells, which provide a short-term advantage that is later replaced by a more evolutionarily stable solution achieved by acquiring new mutations and a return to euploidy [5, 19] .
Rate of Diploidization by Mating-Type Switching
The genetic events that can lead to formation of diploids are considered to occur at extremely low rates, particularly in heterothallic lab yeast strains like those used in this study. Because haploid cells and their MAT-hom diploids share all genotypes and phenotypes, it is technically impossible to directly measure the rate of diploidization by endoreduplication (see, however, further below an estimate of the rate at which this event takes place). In order to determine the frequency of diploidization events that result in MAT-het diploid cells, we used a MATa haploid strain that contains the URA3 gene under the control of the STE2 promoter, which is only expressed in MATa haploid yeast cells [24] . MATa cells carrying this construct are able to grow on plates lacking uracil and unable to form colonies on plates containing the compound 5-fluoro-orotic acid (5-FOA), which is toxic to cells expressing the URA3 gene [25] . In contrast, MATalpha or MATa/MATalpha diploid cells will grow on 5-FOA plates. We carried out a fluctuation test [26] on 5-FOA plates to measure the spontaneous appearance rate of 5-FOA-resistant (5-FOA R ) colonies. These uracil auxotroph colonies can be due either to a mating-type switching event (which may be followed by mating to create MATa/MATalpha diploids), or to spontaneous mutation in the URA3 cassette [27] . From each fluctuation plate, eight random colonies were tested for DNA content using FC analysis and MAT multiplex PCR ( Figure 4A ). In our assay, the detected rate of mutation in the URA3 cassette was 2.80 ± 0.26 3 10 À8 . In contrast, the rate of heterozygous MATa/ MATalpha diploid formation within a haploid population was 5-fold higher (11.7 ± 0.75 3 10
À8
). Similar rates were obtained in a different yeast genetic background, W303 ( Figure 4B ). The HO gene, which induces mating-type switching, is mutated but not deleted in our strains. Deletion of the mutated HO gene had little effect on the rate of MAT-het diploid formation, implying that this mating-type switch event is not due to residual activity of the HO enzyme ( Figure 4B ). In contrast, the appearance of MAT-het diploids was completely abolished by deleting the RAD52 gene, which is essential for HR [28] . Moreover, a strain that is unable to mate due to deletion in the STE2 and STE3 genes [29] produced 5-FOA R colonies with switched mating type at a rate of 3.6 ± 0.56 3 10 À8 , none of which were diploid ( Figure 4B ). These results
show that MAT-het diploids can be created by HR in haploids, followed by mating, and at a rate that is 100-fold higher than the genome-wide per bp mutation rate [30] . In principle, MAT-het diploids could also be derived by a mating-type switch in MAT-hom diploids. We directly addressed this possibility by measuring the rate of 5-FOA R cells in MATa/MATa diploid cells homozygous for the a-specific STE2pr-URA3 reporter.
In this strain, the rate of 5-FOA R MAT-het formation was 11.4 ± 2.57 3 10
, quite similar to the rate calculated in the haploid cell cultures ( Figure 4B) . Thus, once a cell of opposite mating type appears in a population, it can mate rapidly. We thus conclude that MAT-het diploids can be created by HR both in haploids and in diploids, at similar rates. In contrast, the rate of appearance of mating cells (MAT-hom) among MAT-het cells (usually by loss of heterozygosity caused by HR) is much higher, 2.0 ± 0.22 10 À5 . Thus, it is expected that most events that take place in diploids result in the creation of MAT-hom cells. Changes in ploidy play important roles in evolution, by altering gene expression and facilitating sub-functionalization [31] [32] [33] [34] . It has thus been speculated that it may be advantageous for organisms to increase the rate of ploidy change when subjected to stressful conditions [35] [36] [37] . To examine the impact of different environmental stresses on the frequency of homozygous diploid formation, we performed the same fluctuation test as described before, for WT and Dste2 Dste3 haploids, grown in the presence of ethanol or HU (Figures 4C and 4D ).
Exposure to ethanol caused a modest ($2-fold) increase in the rate of 5-FOA R colonies also in the Dste2 Dste3 strain, indicating that these cells became diploid without mating. The small increase suggests that ethanol has an additional mild effect on one or both events. In contrast, exposure to low concentrations of HU caused a dramatic increase in the rate of mating-type switching events and heterozygous diploid formation. This is surprising, as no diploids were observed in long-term experiments in which cells were grown in the presence of HU (Figure 2 ), suggesting that diploids have a significant fitness disadvantage in this medium, compared to haploid cells.
Cell-Type Fitness Advantage
Because our results show that diploid cells can arise within all cultures, but they are either selected for, or against, depending on the growth conditions and the genetic composition of the initial population, we compared the ability of haploids and MAT-hom and MAT-het diploids at the end of a long-term experiment to grow in different conditions ( Figure 5 ). In agreement with the absence of the 4C peak in FC measurements after long-term evolution in the presence of caffeine or HU, diploids of both types exhibit sensitivity to these drugs, when compared to haploid cells ( Figures 5A and 5B) . To compare the relative fitness of haploid and diploid cells in the presence of ethanol or KCl, we measured the relative growth rate of the cells in different concentrations of ethanol in liquid medium [38] (Figure 5C ). Under all conditions (including the unstressed control), diploids were favored over haploids, and the advantage became larger with increasing ethanol concentration. To better compare the two types of diploids, we carried out competition assays ( Figure 5D ) in which equal amounts of two types of cells (differently marked) were incubated together for 32 generations in unstressed or stressed conditions [39] . Figure 5D shows that MAT-het cells outcompete MAT-hom cells in all conditions. Interestingly, this is true even in the presence of 7% ethanol, in which only MATa/MATa diploid cells were detected after 100 generations ( Figure 2B ). These results clearly suggest that the reason for the rapid overtaking of the haploid cell cultures by MAT-hom diploids in the presence of 7% ethanol medium is not due to a fitness advantage of the MAT-hom over the MAT-het cells but more readily explained by a higher rate of endoreduplication Each bar in the graph shows the specific cell-type prevalence within the culture after eight passages in the relevant liquid medium (each time 10 mL was inoculated into fresh 160 mL stress medium in a 96-well plate and grown to stationary phase before the next passage). Each competition was performed in five biological repeats, The abundance of each culture at time 0 (before the competition started) is also shown for comparison. Figure 3D ). Each red mark represents the mean absolute error in 100 model simulations, for five genotypes (MATa, MATalpha, MATa/MATa, MATa/MATalpha, MATalpha/MATalpha) and six time points, corresponding to a single endoreduplication rate. The best estimate is denoted by the black arrow. Blue markers represent the near-best estimates, for which the error was higher than the minimum by <10%. (B) Change in genotype frequency over the generations. Markers represent empirical results with 95% confidence intervals (estimated with bootstrap; 10,000 resamples). The bold lines represent the average genotype frequencies in 100 simulations with the best estimate of the endoreduplication rate; similarly, the other lines represent simulations with the near-best estimates (denoted by blue markers in A). Parameters: population size after each dilution, 10 6 ; mating-type switching rate, 10 À7 ; ten generations per day.
(C) Probability of diploidization by mating or endoreduplication as a function of the population size and the mating-type switching rate. The red marker marks the value combination relevant for our experiments. The dashed line marks value combinations for which the average number of switches per generation in the (legend continued on next page) events over HR-driven mating-type switches followed by mating. Despite a fitness advantage by MATa/MATalpha strains over MAT-hom diploids, the latter appear more frequently, and thus take over the population.
Rate of Diploidization by Endoreduplication
Because direct measurement of the endoreduplication rate is technically challenging, we used a statistical approach called approximate Bayesian computation [40] to infer the endoreduplication rate from the available experimental data. For each endoreduplication rate in a wide range of potential values (10 À10 to 1), we performed 100 evolutionary simulations and compared the results of these simulations to the experimental measurements of the cell-type frequencies (haploid, MAT-hom, and MAT-het) during evolution in medium containing 5% ethanol (previously shown in Figure 3D ). Altogether, for the two experiments that started with either MATa or MATalpha, we calculated the mean absolute error of 100 simulations 3 6 time points 3 3 cell types for each of 1,000 endoreduplication rates (red dots in Figure 6A ). We estimated the endoreduplication rate that gives the smallest error (best fit) between the experimental results and the evolutionary simulations.
For experiments that started with MATa and MATalpha, we estimated an endoreduplication rate of 5.3 3 10 À5 and 9 3 10 À5 , respectively. The simulated dynamics with endoreduplication rates that result in a relatively small error (as much as 10% more than the best estimate) is presented in Figure 6B as a guide to the robustness of our estimation. There seems to be a good fit between the data (markers) and simulated dynamics (lines).
Predictability of Diploidization
When the evolved culture is dominated by MAT-het diploids, it is challenging to determine whether these diploids first appeared via mating-type switching followed by mating, or via endoreduplication on a haploid background followed by matingtype switching in the homozygote diploid. These evolutionary trajectories are distinctively different in the respective rates, fitness values, and sensitivity to the population size-specifically, the latter requires two fixation events, whereas the former requires only one. We estimated the probability that in populations that became MAT-het diploids, diploidization occurred by mating-type switching followed by mating rather than by endoreduplication followed by mating-type switching ( Figure 6C ). The result depends on the rate of the different events and on the population size. Our results suggest that when there is an advantage to MAT-het diploids, the mechanism leading to diploidization is very predictable: if the average number of matingtype switches in the population (the product of the mating-type switching rate and the population size) is less than 1/100, diploidization will most likely evolve by endoreduplication, whereas if it is greater than 1/100, diploidization will most likely occur by mating.
DISCUSSION
Cell-ploidy regulation is extremely important for cellular genetic stability and normal cell function. In humans, cell-division failure that leads to endoreduplication events and thereby to cell tetraploidization can trigger cell transformation and tumor formation [41] . Indeed, a large body of work supports the idea that genome endoreduplication occurs as an early step in tumor formation and facilitates oncogenic development by causing changes in gene expression and allowing further karyotypic instability [42] . Similarly, polyploidization has been implicated in the emergence of drug resistance and adaptation to the host's immune system in human fungal pathogens [43, 44] .
We identified and quantified the genetic events that lead to changes in ploidy content in an easily manipulated model organism. We could detect two types of events: one of them is created by endoreduplication and is probably universal, as similar events have been detected in every organism tested. The other mechanism, which involves a HR event to switch mating type, rapidly followed by mating, is likely to be specific to yeast cells.
We have shown that changes in ploidy occur at rates that are similar to, or higher than, those causing mutation, i.e., z10 À4 whole-genome duplications and z10 À7 mating-type switching per cell per generation versus z10 À10 mutations per bp per generation [30] . Diploid cells are likely to be present, even if rare, in any large enough yeast culture, and the rate of diploidization may also vary in the presence of stress. Although the rate of diploidization varies with the stressing agent, the relative fitness of cells with different ploidy also seems to play a central role.
In agreement with our data, many agents are known to affect endoreduplication by interfering with different cellular components or functions [45, 46] . Stress-induced endoreplication has been observed in different cell types, tissues, and tumors in response to exposure to DNA-damaging agents (reviewed in [47] ). Even more, an induction of the G2/M arrest by itself is enough to promote changes in ploidy in a cell subpopulation [48] . Our results show that diploid cells grow faster ( Figure 5C ) and outcompete haploid cells ( Figure 5D ) in a variety of conditions, providing further evidence for the notion that changes in ploidy can be adaptive [49] . As an adaptive strategy, diploidization is very different from mutation. Because there are many more available mutations than there are karyotypes, a population can traverse the karyotype space much faster than the mutation space. In addition, changes in ploidy are in principle reversible, allowing for transient adaptation. Finally, they increase the potential for further adaptation by chromosome loss [5, 50] , shift in distribution of fitness effects [51] , and heterozygous advantage [52] .
Spontaneous diploidization of haploid yeast has been observed either during extremely long term unstressed growth [3, 19, 21] or in a relatively short period of time in response to high levels of ethanol exposure [20] . In these studies, population is 1/100, which happens to fall on the area where the probability for diploidization by either mechanism is 50%-50%. Parameters: endoreduplication rate, 5.3 3 10 À5 ; ten generations per day.
(D) Schematic model for the evolution of diploids. Diploids can evolve by endoreduplication, resulting in MAT-hom diploids, or by mating-type switching, which converts haploids from one mating type to another, followed by mating, which results in a MAT-het diploid. Diploids can transition between the heterozygous and the two homozygous genotypes by mating-type switches and loss of heterozygosity events. The rates at which each of these steps takes place were experimentally determined (in black) or estimated (in red) according to the model in (A).
only MAT-hom diploids were observed. We have shown that MAT-het diploids also form, although at lower rates ( Figure 3) . Once a diploid strain appears in the population, the relative fitness of these new cells will determine their fate within the population. This fitness itself depends on the initial population ploidy and the environmental growth conditions. In our results, the higher the ethanol or KCl concentration, the faster the MAThom population takes over the culture. The fact that in high ethanol concentrations we are unable to detect the presence of MAT-het diploid cells is probably due to the rapid appearance and fast growth of the MAT-hom diploids, which take over the population faster than the rate that allows the formation and fixation of the new MAT-het diploid cells within the culture. In contrast, in cells evolving in HU, the rate of appearance of diploids is high but diploids have a clear growth disadvantage (Figures 2 and 5 ). Because S. cerevisiae is extensively used in the industry for many kinds of fermentation procedures, our results also have practical implications for biotechnological projects. In summary, we have shown that whole-genome duplication events, which may play important roles in long-term evolutionary processes such as cancer, large-volume fermentations, and in-lab evolution experiments, are not as rare as previously assumed.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: [56] . For each strain at least 3 biological repeats were carried as described in Figure 4A .
Multiplex MAT-PCR
A PCR method for identifying the mating locus in S. cerevisiae (primers are described in the Key Resources Table) . The PCR was carried as follows: The MATa allele gives a PCR product of $500bp, whereas the MATalpha allele gives a PCR product of $400bp. An heterozygous MATa/ MATalpha diploid will produce both the bands.
QUANTIFICATION AND STATISTICAL ANALYSIS
Wright-Fisher model Our simulations implement a Wright-Fisher model describing the change in the frequencies x 1 , x 2 , x 3 , x 4 , and x 5 of MATa, MATalpha, MATa/MATa, MATa/MATalpha, and MATalpha/MATalpha, respectively. The change in frequencies between generations due to selection (given by fitness values u i and mean fitness uÞ, endoreduplication (rate given by d) and mating type switching (rate given by m) is: The change due to mating is given by (assuming that either MATa or MATalpha are rare and given a mating rate of r): Finally, a random draw from a multinomial distribution with the population size and cell type frequencies is used to model the effect of random genetic drift.
The fitness values u i are set to those measured in 5% ethanol for MATa, MATa/MATa, and MATa/MATalpha. The mating type switching rate m was measured using fluctuation tests. We assumed that mating occurs very rapidly when MATa and MATalpha cells co-exist (r = 1=2), and that every day the population size increases from 10 6 to 10 6 x 2 10 before being diluted back to 10 6 (N t = 10 6 ,2 t mod 10 ). To estimate the probability of diploidization by mating, we distinguished between MATa/MATalpha produced by endoreduplication and those produced by mating type switching followed by mating, such that we had six types rather than five. Specifically, x 4 is the frequency of MATa/MATalpha produced by mating type switching in MATa/MATa or MATalpha/MATalpha and x 6 is the frequency of MATa/MATalpha produced by mating type switching followed by mating, with the following modifications to the above equations:
u e x 3 = and other equations remain unchanged. For each combination of population size and switching rate, we performed 100 Wright-Fisher simulations of serial dilution experiments starting with MATa haploids in Ethanol 5%. After MATa/MATalpha reached frequency > 50% in all 100 simulations, we estimated the probability of diploidization by mating as a ratio of the frequency of MATa/MATalpha generated by mating versus the total MATa/MATalpha frequency. Results are shown in Figure 6C .
Approximate Bayesian Computation
We run 100 simulations for 1,000 values of the endoreduplication rate uniformly distributed on a log-scale between 10 À10 and 1. We then calculated the absolute values of the differences between the type frequencies in the simulations and the experiments for each type, time-point, and simulation. We then averaged these absolute differences across all simulations that used the same endoreduplication rate, yielding the mean absolute error as a fit score for each of the 1,000 rates. We ignored the time dependence between frequencies from the same simulation, as there are only 6 time points per simulation and 100 simulations per rate. We used the absolute mean error because it is more robust to outliers than mean squared error and there is no reason to assume that errors are normally-distributed. The absolute mean errors are plotted in Figure 6A . The rate that yielded the lowest error was determined the best estimate for the endoreduplication rate. The rates the yielded errors as high as 110% of the lowest error were determined the near-best estimates and are plotted as blue dots in Figure 6A . Simulated type frequencies using these near-best estimated endoreduplication rates are plotted in Figure 6B .
